A study based on 14 STRs was conducted to understand intergenerational genetic changes that have occurred within the CNPRC's regular SPF (Specific pathogen-free) and super-SPF captive rhesus macaque populations relative to their conventional founders. Intergenerational genetic drift has caused age cohorts of each study population, especially within the conventional population, to become increasingly differentiated from each other and from their founders. While there is still only minimal stratification between the conventional population and either of the two SPF populations, the separate derivation of the regular SPF and super-SPF animals from their conventional founders has caused the two SPF populations to remain marginally different from each other. The regular SPF and, especially, the super-SPF populations have been influenced by the effects of differential ancestry, sampling and lost rare alleles, causing a substantial degree of genetic divergence between these subpopulations. The country of origin of founders is the principal determinant of the MHC haplotype composition of the SPF stocks at the CNPRC. Selection of SPF colony breeders bearing desired genotypes of Mamu-A*01 or -B*01 has not affected the overall genetic heterogeneity of the conventional and the SPF research stocks.
INTRODUCTION
The NIH sponsored National Primate Research Centers (NPRCs) define and derive their specific pathogen-free (SPF) animals in different ways. These differences are mainly due to varied housing, social enrichment, husbandry and management approaches that stem from each NPRC's unique historical and environmental characteristics [Schapiro et al.1994; Schapiro and Bloomsfield 1995] . In general, SPF rhesus macaques are defined as animals that are antibody negative to herpes virus-1 (B virus), simian immunodeficiency virus (SIV), Type D simian retrovirus (SRV) and simian T-lymphotropic virus (STLV-1). The SPF status of the animals not only improves animal health and occupational safety but also removes potential confounding variables in research. For instance, retroviral infected animals are not desirable for SIV/AIDS-related research because studies on SIV/AIDs pathogenesis and vaccine development that utilize these animals may be compromised. Although the use of herpes B virus seropositive animals does not undermine SIV/AIDS-related investigations, these animals do present significant health risks to primate colony personnel.
The SPF program of the California National Primate Research Center (CNPRC) was first established in 1993 and now includes two types of SPF populations: the regular SPF and super-SPF, ranging in age from mature adults to newborns. The regular SPF animals, now numbering 746 individuals, are derived directly from the conventional, non-SPF breeding stock through nursery-rearing of neonates (produced by natural breeding or embryo transfer) and are seronegative for B virus, simian type D retrovirus (1 through 5), SIV, STLV and Mycobacterium tuberculosis [Lerche and Simmons 2008] . Unlike other NPRC SPF derivation strategies, the CNPRC's super-SPF (also known as 'super clean') populations, composed of 397 animals, are derived directly from the conventional (non-SPF) stock rather than being double-derived from the regular SPF stock. The CNPRC super-SPF population, which was first established in 2001, is further subdivided into two subpopulations; 95 animals derived from non-SPF founders from China and 302 animals that descend from Indian-derived conventional animals. In addition to pathogens absent in the regular SPF animals, both the Chinese and Indian super-SPF animals are also free of rhesus cytomegalovirus (RhCMV), rhesus rhadinovirus (RRV), and simian foamy virus (SFV), but are not readily available to most investigators. Both the SPF and super-SPF animals are repeatedly tested for target pathogens and are either housed individually or in contact with animals with the same virological status.
Behavioral, biochemical, immunological and molecular genetic characteristics of both the regular SPF and super-SPF populations at the CNPRC have been well-characterized [Lerche et al. 1991 , 1994 , Barry et al. 1996 , Capitanio and Lerche 1998 , Capitanio et al. 1998a b, Viray et al. 2001 , Huff et al. 2003 , Lerche and Osburn 2003 , Capitanio et al. 2006 , Khan et al. 2008 , Barry and Strelow 2008 . The demographic composition, population growth, birth and death rates, genetic structure and experimental needs have been evaluated to improve animal well-being, safety and to best meet programmatic production goals. Three published studies have investigated the genetic diversity of the regular SPF population at the CNPRC. Smith [1994] used ten serum and erythrocyte enzyme polymorphisms to estimate allele frequencies, gene diversity and the genetic structure of regular SPF groups in five different breeding facilities, including the CNPRC, and Penedo et al. [2005] evaluated the informativeness of a panel of eight STRs in the rhesus (Mamu) major histocompatibility complex (MHC) class I and II regions on rhesus chromosome 4. Based on a sample set consisting of SPF animals from the CNPRC and six other NIH-funded primate centers, Kanthaswamy et al. [2006] evaluated a panel of 16 STRs proposed for standardized testing across the NPRCs. However, no DNA-based study has compared the genetic structure of the SPF and super-SPF populations at the CNPRC with that of their conventional, non-SPF forbearers.
Social structure, colony management and husbandry strategies can all effect changes in the genetic composition of the SPF rhesus macaque colonies Smith 2002, Ely et al. 1994] . It is difficult to predict future outcomes of closed colony management of a captive population without an understanding of the history of its population structure that addresses at least three important questions. First, have the CNPRC regular SPF and super-SPF populations already differentiated genetically from the conventional stock and from each other and, if so, how rapidly and to what degree has this differentiation occurred? Such differentiation can inflate the phenotypic variance of traits under study by increasing the genetic contribution to that variance, confounding interpretations of experimental treatment effects. Closed colonies are subject to rapid changes in allele frequencies due to genetic drift and an overall loss of genetic diversity, the extent of which is inversely proportional to the colony effective population size. The high variance in male reproductive success and low sex ratios characteristic of captive colonies of rhesus macaques diminish the effective population size, accelerating this loss of genetic diversity [Kanthaswamy and Smith 2002] . Second, undesirable results of artificial selection have been recorded in laboratory animal science for decades [Roberts 1979 ], but it is currently unknown if previous selective breeding practices at the CNPRC have had an effect on present population structure. For instance, it remains unclear if breeding strategies designed to increase numbers of rhesus macaques positive for Mamu-A*01 and -B*01 alleles among the SPF stocks to meet specific research needs have impacted the genetic composition of the colony at large. Such "enrichment" of alleles in the SPF portions of the colony provides SPF animals with genetic characteristics desirable for specific research objectives. However, it correspondingly depletes these alleles, and those linked to them, in the conventional colony, and might reduce genetic heterogeneity in the MHC region in the SPF colonies, because these animals are likely to share higher kinship coefficients than animals randomly selected from the colony, limiting the usefulness of these colonies for identifying genes that influence risk of specific diseases. Third, animals of Chinese origin at the CNPRC have been randomly assimilated into the conventional and regular SPF colonies since 1980 to counter anticipated loss of genetic variation among its Indian-derived rhesus macaques after exports from India were discontinued [Roberts et al. 2000] . The result of the introgression of Chinese genes into the predominantly Indian gene pool has been the production of hybrid Indian-Chinese, or Chindian, rhesus macaques, which now number more than a thousand animals and represent a significant part of the CNPRC colony [Kanthaswamy et al. 2008a] . Such intentional hybridization is unique among all NPRCs in the US. Unrecognized hybrid animals and their atypical genetic characteristics (e.g., enhanced level of genetic diversity and linkage disequilibrium), while uniquely useful for some purposes, such as admixture mapping of genes contributing to specific diseases and characterizing the haplotype block structure of the rhesus genome, may lead to false positive or false negative results when individuals of different ancestry proportions are distributed unequally between experimental and control groups under study.
This study addresses the three questions cited above by comparing the genetic structure and population characteristics of the regular SPF and super-SPF populations with those of the conventional population, from which both groups were independently derived at different times. The study group comprised 7536 animals representing multi-generational pedigrees that were established since 1970, and which include great-great-grandparents, greatgrandparents, grandparents, parents and offspring. The complex demography of the study populations over a period of 40 years complicates drawing inferences about large-scale patterns of multigenerational genetic stratification based solely on pedigree information. Therefore, this study directly assessed the population structure based on the STR genotypes and the Mamu-A*01 and -B*01 phenotypes of animals. It has been demonstrated that population-level genome-wide comparisons based on autosomal markers such as STRs, including MHC-linked loci, provide reliable estimates of population admixture and stratification [Falush et al. 2003; Kayser et al. 2008] .
We predict that limited population size, long-term reproductive barriers, artificial selection, differential distribution of Chinese-Indian hybrid animals and genetic isolation produced by the independent derivation of the SPF colony and the two super-SPF populations have made these groups less genetically similar to each other as well as less genetically diverse than, and more differentiated from, the founding population from which they were both derived. To test for the presence of drift-driven differentiation, genetic diversity and subdivision were calculated for single year age cohorts in each of these populations and compared to estimates obtained from animals in the conventional population. We also predict that the enrichment of the two SPF populations for A*01 and B*01 positive animals (i.e., artificial selection), who are likely to share higher kinship than any two randomly chosen animals, has reduced genetic diversity at these three MHC-linked loci relative to diversity at other loci in the SPF populations and at these loci in the conventional population.
METHODS
STR genotyping, parentage determination, Mamu-A*01 and Mamu-B*01 typing were performed over a period of 10 years at the Veterinary Genetics Laboratory (VGL), University of California, Davis, CA. DNA was extracted by an alkaline lysis procedure [SanCristobal-Gaudy et al. 2000] and as detailed in Andrade et al. (2004) . PCR amplification of STRs was done in two 25 μL multiplexed reactions (groups A and B in Appendix A) each containing 1 μL of DNA template, 2.5 mM MgCl 2 , 200 μM dNTPs, 1X PCR buffer II (Applied Biosystems), 0.5 U Amplitaq (Applied Biosystems) and fluorescence-labeled primers in final concentrations given in Appendix A. PCRs were carried out in PTC100 (MJ Research) and ABI 2720 (Applied Biosystems) thermal cyclers with cycling conditions that consisted of four cycles of 1 minute at 94°C, 30 seconds at 58°C, 30 seconds at 72°C; 25 cycles of 45 seconds at 94°C, 30 seconds at 58°C, 30 seconds at 72°C, and a final extension at 72°C for 30 minutes. PCR products from each multiplex group were separated on Applied Biosystems' ABI 373, ABI 377 PRIZM or ABI 3730 DNA Analyzer instruments according to the manufacturer's instructions. Fragment size analysis and genotyping was done with STRand software [Hughes 2000 ]. Automated genotype calls by STRand were checked and corrected as needed by means of two independent reads of electropherograms. Samples that yielded incomplete or low quality profiles (ca. 1-2%) were re-extracted and retested. Inclusion of a reference sample in all PCRs allowed for standardization of allele sizes within and across different electrophoresis instruments in order to maintain continuity of genotype data. Three of the 14 informative STRs used in this study (see Appendix A), D6S291, D6S276 and D6S1691 flank the core MHC region on rhesus macaque chromosome 4 [Penedo et al. 2005] . D7S513 (np 114,658,176 -114,658,387) and D7S794 (np 181,448,827 -181,448, 977) are 67 Mb apart on rhesus chromosome 3, and D8S1106 (np 12, 737, 737, 516) and MFGT21 (np 111, 063, 063, 442) are 98 Mb apart on chromosome 8. A chromosome location of MFGT22 could not be determined, presumably because it falls on a gap of the rhesus whole genome sequence. The remaining markers have been mapped to different chromosomes and, therefore, are physically unlinked.
Mamu-A*01 and -B*01 typing was performed by PCR using the sequence-specific primers described by Knapp et al. (1997) and Loffredo et al. (2005) , respectively. PCR amplification and agarose gel electrophoresis with ethidium bromide staining were carried out as described in Loffredo et al. (2005) , with the modification that rhesus beta-actin primers ACTB-F: ACCCCAGCCATGTACGTGGCCATCC and ACTB-R:
GCCTCAGGGCAGCGGAACCGCTCA were used to amplify a 395 bp fragment as the internal PCR control.
Only animals with genotype data for at least 12 of the 14 STRs were included in this study. Table I presents the total numbers of animals from the conventional, regular SPF and super-SPF populations included in the genetic diversity and genetic differentiation estimates. PopGene [v 1.32, Yeh and Boyle 1997] was used to calculate allele frequencies, observed heterozygosity (OH) and gene diversity (expected heterozygosity, EH) within each age cohort of each group of rhesus macaques at the CNPRC colony. The same program was used to examine the intergenerational genetic structure of each (total) population using Fstatistics (Fst, Fis and Fit, Wright 1978) while the program GENEPOP [Rousset and Raymond 1995 ] was used to estimate the level of pairwise genetic differentiation between age cohorts of the conventional, regular SPF and super-SPF populations based on Weir and Cockerham's pairwise Fst [1984] . Summary F-statistics and annual pairwise Fst estimates were also computed to assess the degree of divergence between pairs of age cohorts within and between the Chinese and Indian-derived super-SPF subpopulations at the CNPRC.
To assess the ability of the allelic frequencies at 14 STRs to determine the degree of regional representation of the animals that comprise each of the study populations, an assignment analysis using the program STRUCTURE [Pritchard et al. 2000 , Falush et al. 2003 ] was conducted at sweeps of 2×10 4 iterations after a burn-in period of 1×10 4 on a population subset of 737 animals, including individuals from the three study groups whose degree of Chinese or Indian ancestry were confirmed with their or their ascendants' import documentation that date back to 1970. To confirm the expected full blood Indian, full blood Chinese and hybrid structure at the CNPRC, STRUCTURE runs were performed assuming that between two and nine (2<K<10) genetically distinct classes of individuals exist among the study populations as proposed by Kanthaswamy et al. (2008) . Each assumed K value was replicated 10 times with each set of assumptions so that the regional population or ancestry assignments had the highest possible probability. Analyses under the assumption of admixture between genetically distinct classes and their correlated allele frequencies were conducted without a priori geographic information to assure that the ancestry assignments based on the 14 STRs were not biased. Assignment of individuals into inferred ancestral populations was conducted using the probability Q, the proportion of an individual's genome that originated from the K th subpopulation (Prichard et al. 2000; Falush et al. 2003) and only individuals supported by at least 90% probability were assigned to any full blood class. Similarly, to establish a quantitative measure of population structure of the conventional (N = 6216), regular SPF (N = 993) and super-SPF (N = 327) animals of the entire study population, runs of clustering analyses of the same numbers of iterations and burn-in periods were performed without prior information on population membership to ascertain the probability of affiliation of each animal with the conventional, regular SPF and super-SPF populations (i.e., the ability of STRUCTURE to correctly assign each animal, based on its genotypes for the 14 STRs, to the population of which it is a member).
In order to determine if the Chinese or the Indian animals were the principal cause of genetic differentiation among the conventional, regular SPF and super-SPF populations at the CNPRC, pairwise Fst values between 20 randomly selected, STRUCTURE-assigned (see above for details on the STRUCTURE runs) full blood Indian and Chinese rhesus macaques pooled across years from each of the three study populations were calculated. Because each of the study groups contained significantly varying numbers of animals, the randomized selection of samples alleviated the effects of sample size on estimates of genetic differentiation.
To assess the possibility that the selection process to derive regular SPF and super-SPF animals with a high frequency of A*01 and B*01 positive phenotypes has produced nonrandom patterns of genetic variation within the rhesus MHC region or physically close to it, the range of divergence of the MHC types and the generational changes since 2001 in allelic diversity of three STRs that flank the rhesus MHC, i.e., D6S276, D6S291 and D6S1691, were compared with the same values for all 14 STRs (given in Table 1 ) among the conventional (N = 5891), regular SPF (N= 993) and the two super-SPF populations (Indian N= 243; Chinese N = 82). If artificial selection has reduced diversity in the SPF colonies, the average level of heterozygosity at the three MHC-linked STRs in those colonies should be lower than both that for all 14 loci and that for the conventional colony.
RESULTS
The average number of STR alleles (n) and the average observed (OH) and expected (EH) proportion of heterozygous genotypes in each age cohort in each of the three populations (including age cohorts of the Chinese and Indian super-SPF subpopulations) are presented in Table I . The table illustrates the fluctuations in the distribution of colony-wide STR heterozygosity in each group. Overall estimates of allele numbers show that an average of 5 rare alleles present in the conventional founder population were lost in both the regular SPF and super-SPF populations. While the loss of these rare alleles can preclude the identification of their potential association with rare diseases, it has not significantly reduced estimates of heterozygosity in either of these populations due to their low frequencies in all the colonies. Concordant with several previous studies of conventional Indian and Chinese rhesus macaque colonies [e.g., Kanthaswamy et al. 2008a ], the Indian super-SPF animals were less genetically diverse than the Chinese super-SPF animals as measured by allelic numbers (n) and observed (OH) and expected (EH) heterozygosity estimates. Table II Periodic estimates of pairwise genetic differentiation among the age cohorts in the total population of the conventional, regular SPF and super-SPF age cohorts in 2001, 2005 and 2008 suggests that both regular and super-SPF populations remain only moderately differentiated from the conventional population (Fst < 0.02). By the end of the study period the pairwise differentiation between the age cohorts of the full blood Chinese super-SPF subpopulation and the conventional and regular SPF populations were approximately 10 times greater than those between the Indian super-SPF subpopulation and the conventional and regular SPF populations (Table II) . Analysis based on twenty randomly selected full blood Chinese and Indian samples from all three populations shows that differences are greatest between the full blood animals in the super-SPF Chinese and Indian subpopulations while no differentiation was detected between the Indian origin SPF and super-SPF populations (Table III) . Tables II and III also indicate that the Chinese rather than the Indian animals are responsible for the significant genetic differentiation between the super-SPF population and the conventional and regular SPF populations at the CNPRC. Differentiation among the cohorts of the full blood Chinese rhesus macaques in all three study groups is significant while the full blood Indian-derived animals show either no (Fst = -0.006) or only scant (Fst = 0.001 − 0.003) differentiation (Table III) (Table II) . The summary values of Fis, Fit and Fst for the Chinese super-SPF subpopulation were -0.05, 0.02 and 0.06, respectively, while those for the Indian subpopulation were -0.03, 0.00 and 0.03. At K = 3, the STRUCTURE analysis of the 737 animals with known Chinese, Indian or hybrid ancestry, as supported by their or their ancestors' import documentation, indicated that there are animals of full blood Indian, full blood Chinese and hybrid Chinese-Indian (i.e., Chindian) animals in varying proportions within the CNPRC population ( Figure 1 ). As K values increased to 10, the full blood Indian and Chinese clusters among the colony-wide dataset remained tightly homogenous, while increasing subdivision was observed among the Chinese-Indian hybrid animals. Of the entire dataset of 7536 individuals, STRUCTURE was able to assign only about 20%, 47% and 53% of the conventional, regular SPF and super-SPF animals, respectively, to their appropriate populations based on their genotypes, revealing a low level of genetic stratification among these populations (data not shown) in agreement with the low-to-moderate estimates of pairwise Fst between the conventional, regular SPF and super-SPF age cohorts shown in Table II. A large fraction of the animals in the entire population (N = 7536) was assigned varying proportions of Chinese-Indian admixture, in close agreement with demographic records of animals with known 1/8, ¼, 3/8, ½, 5/8, ¾, and 7/8 Chinese ancestry (see Kanthaswamy et al. 2008 and Figure 1 ). The regular SPF population contains more Indian-derived and hybrid animals than the conventional population while the super-SPF population contains more full blood Chinese animals than either the conventional or regular SPF populations; the super-SPF Chinese-Indian hybrid animals were exclusively restricted to the Indian super-SPF subpopulation. A regression analysis of the known level of admixture and the proportions of Indian and Chinese origin assigned by STRUCTURE produced an R 2 value of 0.87 (data not shown) indicating that the clustering analysis using the STRs reported in this study is able to estimate levels of admixture of both full blood and Chinese-Indian hybrid rhesus macaques with a relatively high level of accuracy.
By the end of the study period the estimates of diversity among the rhesus MHC-linked STR alleles in each of the populations were at their highest values (see Appendix B). Sampling effects in the early years of regular SPF and super-SPF development were clearly evident, but years after each of these populations was established and their animal numbers increased, their allelic diversity and heterozygosity rose dramatically and matched levels of the conventional population by 2008. The loss of rare alleles at the three MHC-linked loci was equivalent to that at non-MHC-linked loci in all three study populations and by 2008, all three study populations carried equal amounts of heterozygosity at the MHC-linked loci. In 2007 and 2008, the super-SPF population carried the greatest degree of genetic variation as reflected by its estimates of observed and expected heterozygosity. During the same period, the allele diversity at each of these three loci was roughly equivalent between the Indian and Chinese super-SPF subpopulations, but the observed and expected heterozygosities of the Chinese subpopulation were much higher than those of the Indian subpopulation.
Across all three study populations, animals of Indian ancestry are the primary source of A*01 alleles (with a frequency of 27.8%, compared to 3.0% for those of Chinese ancestry), while B*01 alleles are present in animals of Chinese and Indian ancestry in more similar proportions (16.2% and 27.0%, respectively). Figure 2 illustrates the annual counts of A*01 animals within the super-SPF population according to their country of origin. About 1% of the full blood Chinese super-SPF animals were A*01 positive compared to 23% of the Indian animals whereas 14.5% of the Chinese and 23% of the Indian super-SPF animals were B*01 positive.
DISCUSSION
The present study represents a first direct assessment of the population structure of the SPF populations at the CNPRC based on DNA-based genotype data from successive generations relative to the conventional population from which they were established. Both the regular SPF and super-SPF populations at the CNPRC are under intense development and their numbers have significantly increased since their inceptions in 1993 and 2001, respectively. The CNPRC SPF populations have been influenced by artificial selection, demographic composition, including hybridization, and management differences while still maintaining high gene diversity. For example, both the SPF and super-SPF populations exhibit loss of some rare alleles, including those at MHC-linked loci, as they expanded from a few founding animals initially to 746 and 397 living animals, precluding investigation of their potential association with diseases or other phenotypes. As observed by Satkoski et al. [2007] and Kanthaswamy et al. [2008a] , sample size, as represented in founder effects, intergenerational genetic drift and genetic bottlenecks, impact allelic diversity more profoundly than heterozygosity due to the disproportionate loss of rare, compared with common, alleles. Similar stochastic effects can also be expected in specific regions of interest in the rhesus genome as reflected by the loss of alleles at MHC-linked STR loci.
The Bayesian statistical application featured in STRUCTURE has been successfully used for identifying hybrid individuals and their approximate proportions of ancestry [Satkoski et al. 2007, Kanthaswamy and Smith 2008a, b] . Given the accurate (approximately 87% concordant) estimates of these animals' ancestry, assessments of the colony-wide sampleset, whose ancestry is not completely known from demographic records, revealed that a large number of previously undetected animals of partial Chinese descent make up both the regular SPF population and the Indian super-SPF populations. The occurrence of Chinese and Chinese-Indian hybrid animals in the SPF population as well as the conventional colony reflects the large numbers of Chinese rhesus macaques imported into the US in recent years [NCRR/OAR SPF colonies committee meeting, 2003] and the decision of the CNPRC not to completely isolate the Indian and Chinese portions of the breeding colonies from each other. Although the CNPRC super-SPF population was originally designed to contain two genetically distinct subpopulations, one each consisting of full blood Chinese and full blood Indian animals, the occurrence of Chinese-Indian hybrid animals in the Indian super-SPF subpopulation suggests that many previously undetected hybrid animals from the conventional colony have been inadvertently introduced into this subpopulation. Although comparable data from other regional primate centers are unavailable, it is possible that similar circumstances have led to unacknowledged hybridization between Indian and Chinese rhesus macaques at other breeding facilities in the US. Because the Chinese portion of the super-SPF population was founded by animals imported directly from China, no occurrences of Chinese-Indian hybrid animals were detected in that subpopulation.
Low to moderate amounts of genetic drift have led to some differentiation among the study populations, but the impact of genetic drift is not solely dependent on annual population size of birth cohorts and stochastic effects of breeding. A deficit of observed relative to expected heterozygosity within most age cohorts (Table I) in the conventional population reflects genetic substructure induced by non-random mating. Effects of genetic drift between adjacent age cohorts (intergenerational drift) of the regular SPF population and the super-SPF population emerged as these populations became more established at the CNPRC. These trends in all three populations led to sustained reductions in genetic diversity within the individual age cohorts relative to the population as a whole. However, the yearly pairwise Fst estimates between the gene pools of founders of each study population and their descendents suggest that differentiation among successive age cohorts within each study population is still nearly negligible. The conventional population exhibited some intergenerational genetic drift, probably because of the varied housing conditions of the non-SPF animals, including outdoor corrals, corncribs and indoor housing units, and the size and composition of their multiple breeding groups. Management policies including selectively harvesting females to minimize over-representation of one or only a few matrilines and cross-fostering week-old infants between breeding corrals have prevented deeper subdivisions [Smith 1986 ]. Since the conventional population is the foundation of both the regular SPF and super-SPF populations, effects of the selective harvesting and crossfostering programs in the non-SPF breeding groups are also evident in the SPF descendants as shown by the lack of excessive cross-generational homozygosity (i.e., negative Fis values). The twice greater intergenerational genetic drift experienced by the Chinese super-SPF subpopulation than the Indian super-SPF subpopulation (Fst = 0.06 vs. 0.03) which has accelerated the deepening genetic schism between the Chinese super-SPF animals and the other populations studied here exemplifies the strength of this evolutionary force at the CNPRC. For instance, by 2008, the degree of differentiation between the Indian component of the super-SPF population and its pure Chinese component was twice Kanthaswamy et al.'s [2008a] estimate of divergence between the colony-wide full blood Indian and pure Chinese animals, exceeding that differentiating well-recognized breeds of dogs [Kanthaswamy et al. 2009 ]. This is an indication that the two super-SPF subpopulations that are demographically different by design are becoming even more genetically distinct from each other. Thus, the increasingly common use of SPF animals in biomedical research carries a correspondingly greater risk of inflating phenotypic variance in treatment effects due solely to the escalation in genetic differentiation among research subjects.
The strategy to derive regular SPF and super-SPF animals directly from the conventional population forms a barrier to direct gene flow between the SPF and super-SPF populations and limits gene flow between both SPF populations and the conventional population. Had the super-SPF population been derived from the regular SPF population (i.e., doublederived), the potential for fixed differences between the two SPF populations would have been reduced, albeit even more drastic declines in allele numbers and heterozygosity would be expected in the super-SPF population compared to those in the conventional population. The impact of separate derivation of the regular SPF and super-SPF stocks is even more critical for programs that aim to convert entire rhesus colonies to seronegative status. The lack of animal movement between the two SPF stocks prevents recovery of unique alleles lost in each group leaving recurrent mutations, or subsequent gene flow from the conventional colony, as the only source of such recovery. The significant fragmentation of the genetic diversity as a consequence of bottleneck effects can lead to an increase in inbreeding coefficients (and possibly inbreeding depression) accelerating the loss of valuable alleles (and/or the long-term viability) of the SPF populations. The extent of divergence between the Indian and Chinese super-SPF age cohorts as well as the differentiation between the super-SPF Chinese subpopulation and the conventional and SPF populations underscore the importance of sampling considerations when animals from these populations are assigned to specific research projects.
Understanding the consequences of past artificial directional selection for A*01 and B*01 animals that might be disproportionately culled from colonies to serve research needs can forecast differentiation among the regular SPF, super-SPF and conventional stocks particularly if these animals are prevented from interbreeding, i.e., are reproductively isolated. The "enrichment" of small founder populations with such alleles, many of which likely descend from a much smaller number of common ancestors, can increase inbreeding and founder effects in SPF colonies. However, by 2008 all three study populations carried approximately equal levels of heterozygosity at the MHC-linked loci that approximated those for non-MHC-linked loci, and the loss of rare alleles at the three MHC-linked loci studied was equivalent to that at non-MHC-linked loci. While observed levels of heterozygosity at the three MHC-linked loci were consistently, albeit marginally, lower than that at all 14 loci combined in the SPF colonies, other parameters were equivalent. Thus, there is no strong evidence that selecting SPF colony breeders bearing the desired genotypes of A*01 or B*01 have influenced the overall genetic heterogeneity and structure of either the conventional or SPF research stocks other than to enrich and deplete the numbers of A*01 and B*01 animals in the SPF and conventional colonies, respectively. Since the primary source for A*01 animals are the Indian-derived fraction of the CNPRC colony [Muhl et al. 2002 , Vogel et al. 1995 , the geographic origins of founder animals have a pronounced impact on the MHC haplotype composition of the SPF stocks at the CNPRC and other NPRCs.
Combining insights from population genetic assessment with those from demography to understand the genetic history of the SPF populations at the CNPRC permits colony managers to predict outcomes of the long-term maintenance of self-propagating SPF populations. Comparing genetic data from founder animals with that of their descendents sheds light on the population changes that occur within each generation of genetic management and facilitates future production goals. It is also crucial to determine the regional representation of imported animals and the strength and consequences of founder effects on the SPF populations that include them. Just as the presence of full blood Chinese and Chinese-Indian hybrid animals have inflated the genetic diversity of the rhesus macaque population at the CNPRC, the misclassification of full blood and hybrid animals can hamper research outcomes by excluding animals with regional-specific genotypes or phenotypes of interest. Having demonstrated that there is evidence for a high degree of intentional interregional admixing of rhesus macaques in Chinese breeding facilities, Satkoski et al. [2007] have argued that unnatural admixing of historically isolated taxa could irreversibly confound the genetic structure of domestic stocks. Assessing the degree of genetic variability within and between SPF populations will help curb excessive phenotypic variation among the study subjects that could complicate studies of disease pathogenesis and vaccine development [Kanthaswamy et al. 2008a [Kanthaswamy et al. , 2008b .
Appendix A
The 14 STRs used in this study. Proportions of Indian and Chinese ancestry assigned by STRUCTURE to rhesus macaques in each of the study populations (N = 737). Note the predominance of full blood Chinese, Chinese-Indian hybrid and full blood Indian animals in the conventional, regular SPF and Indian super-SPF populations, respectively. All Chinese super-SPF animals were assigned as full-blood Chinese rhesus macaques. 
TABLE III
Pairwise Fst estimates between 20 randomly selected, STRUCTURE-assigned full blood Indian and Chinese rhesus macaques pooled across years from the three study populations 
